Laser Energetics Multi-Terawatt laser (MTW) facility, has been used to study heavyion acceleration from ultra-intense laser-plasma interactions. These studies were conducted using 20 µm-thick flat foil targets with on-target intensities of 4-5×10
I. INTRODUCTION
Acceleration of fast ions generated by high-intensity laser-plasma interactions (LPI) is an important topic due to its applications in medicine, high-energy-density physics (HEDP) 1 and table-top particle accelerators. Medical applications include generation of protons and energetic carbon ions for cancer therapy.
2,3 HEDP applications involve the development of high-energy proton backlighters for high-resolution imaging studies (e.g. field structures in inertial confinement fusion (ICF) implosions). [4] [5] [6] [7] A better and fundamental understanding of the underlying physics in generating and accelerating ions is important for optimizing advanced fusion concepts, such as ion fast-ignition.
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Over the last decade, a number of experimental studies have been conducted on proton acceleration from thin foils. The effects of target parameters (geometry and materials) and laser parameters (pulse duration, contrast and intensity) on proton acceleration have been extensively studied and compared to theory. [9] [10] [11] [12] [13] The acceleration of heavy-ions has also been observed and enhanced by removing hydrocarbon contaminants. [14] [15] [16] [17] This enhancement has been attributed to the fact that protons and lighter ions have a lower charge-to-mass ratio and are therefore preferentially accelerated, after which the accelerating space-charge is depleted.
In contrast to previous work, we demonstrate here that the mean and maximum energies of heavy ions ions scale with only the charge state and not the charge-to-mass ratio for several ion species. Consistent with past work, it is observed here that the maximum heavyion energies are lower than that of contaminant protons. We have observed the signature of a two temperature electron distribution and discuss how this distribution explains the observed heavy-ion scalings in the presence of protons. Current ion-expansion models show excellent agreement with proton data but do not incorporate multi-species heavy ions. The data presented here are essential for any modeling of multi-species heavy-ion acceleration in the presence of a two-temperature electron distribution. Although such electron distributions have been previously predicted by simulations 18 and observed using electron diagnostic techniques, 19 its implications on ion acceleration have not been explicitly observed.
The heavy-ion measurements were taken at the Multi-Terawatt laser facility (MTW) laser 20 at the Laboratory for Laser Energetics (LLE). The MTW laser served as a prototype constructed and implemented on the MTW, was used for measurements of charged particle energy spectra.
This paper is organized as follows: We first present an overview of the TPIS and simulations of its response to heavy-ions (Sec. II). In Sec. III, heavy-ion experiments and results are presented, followed by a discussion of the physics and implications of these results (in Sec. IV). Sec. V concludes by discussing future measurements and some features of the detection scheme which are still being developed.
II. THE TPIS AND RESPONSE TO HEAVY IONS
As shown in Fig. 1 or a stacked detector assembly consisting of both. The CR-39, which is a clear plastic nuclear track detector with the advantage of being immune to EMP and x-rays, is used extensively at the OMEGA laser facility and recently at the NIF. [31] [32] [33] It is capable of detecting all heavy ions and protons with energies up to about 8 MeV with 100% efficiency; at higher energies the efficiency decreases with the stopping power of protons in CR-39. 32 The Fuji
IPs are capable of detecting some high-Z ions and protons with energies up to at least 20
MeV, though the sensitivity is a strong function of energy. An absolute calibration of the IP response to protons was recently conducted at SUNY Geneseo for proton energies in the range of 0.6 to 3.4 MeV. 27 As the Fuji TR lacks a protective layer of Mylar found on other IPs, carbon ions can be detected as well. IPs are ideal for measurements of energetic protons whereas CR-39 is essential for detection of high-Z ions.
The first consideration for heavy-ion measurements using CR-39 in the TPIS is the ac- This number is a conservative estimate because (1) dispersion due to the fields smears out the same number of ions over a larger detection area (2) the details of the spectral shape (e.g. peak location or width) will change this limit, as a broader spectrum in energy space corresponds to a broader spread across the detector for the same number of ions and (3) heavier ions will leave larger tracks on the CR-39 and for those ions this number becomes less conservative. The etch time of CR-39 may be adjusted on a per-shot basis to accomodate a wide range of ion fluences, effectively increasing the dynamic range of the detector.
A second consideration for heavy-ion measurement with the TPIS is the instrument response to these ions. The deflection of ions in the TPIS due to uniform magnetic and electric fields scale as ∼ Zk B /(E p A) 1/2 and ∼ Z · k E /E p , respectively. 27 Here, Z is the ion charge state, A the atomic number and E p the energy of the particle. The constants k B and k E depend on geometric factors and are fixed. The deflection of ions due to these fields results in a family of parabolas at the detector plane, where the slope of each parabola is given by
Thus, α defines the slope of the parabolic distribution of particles, with a given mass-to-charge ratio (A/Z), at the detector plane. Each position along that parabola corresponds to a unique velocity, which can be converted to an energy. Note that once the species has been identified by its slope, the magnetic (or electric) deflection is sufficient to determine the energy of the particle. For accurate identification of the particle species and precise determination of ion energies, it is important to verify that these scalings hold for a range of heavy-ions.
The initial TPIS calibration was obtained through experiments at SUNY Geneseo.
27
These experiments were performed with 0.6-3.4 MeV protons to obtain the magnet energy calibration, while additional experiments using 0.8-3.4 MeV protons were conducted to calibrate the line-integrated electric field strength. Although these calibrations are in excellent agreement with the nominal scalings, it is not clear that they may be extrapolated and applied to more energetic ions with a large mass-to-charge ratio, such as C, Cu or Al. These heavier ions, which traverse a different part of the magnet and electrodes, may experience non-uniformities and fringe fields that lighter ions do not. For densely packed parabolas (e.g. lower operating voltages or higher-Z targets) a calibration accurate to within just a few percent is required to correctly identify the particle species and charge state. A chargedparticle ray-tracing code was developed and used to compute the trajectories through the field maps for a range of ions, charge states and energies. The magnetic field map was supplied by Dexter Magnetic Technologies Inc., 34 and the electric field map was generated by a finite-element method (FEM). The FEM approach used detailed models of the electrodes including the Ultem T M dielectric(κ ≈ 3) to which they are affixed, as well as the instrument housing. The potentials on these surfaces were solved for at all locations using the appropriate boundary conditions. The electric fields were computed using a finite-difference of the three-dimensional potential map using a fine grid. 
III. EXPERIMENTS AND RESULTS
Initial TPIS experiments on the MTW laser were conducted using 500 µm × 500 µm square aluminum and copper foil targets with a thickness of 20 µm, as shown in Fig. 3 used to identify the ion species by the using the α-value associated with the center of a peak. Once the N(α) distribution has been established, the number of tracks as a function of energy can be determined from the magnetic displacement (horizontal direction) by using the magnet energy scaling. Fig. 5 shows that the TPIS, operating at an electric field of 15 kV/cm with an aperture of 400 µm, was not able to differentiate some of the high-Z ions (e.g. C 5+ and N 6+ ). To resolve this a smaller aperture should be used to decrease the parabolic line broadening.
Alternatively, a stronger electric field (e.g. 40 kV/cm) can be used if the signal is weak.
Magnetic focusing increases with increasing charge-to-mass ratios, since these ions undergo greater magnetic deflection, resulting in broader lines in α-space.
Since each parabola is divided into constant energy bins with each bin spanning a small but finite distance along the spatial direction of magnetic displacement, the background The heavy-ion spectra acquired in these experiments have been used to study the underlying physics. The spectra shown in Figs. 6 and 7 from aluminum and copper targets, respectively, illustrate a strong signal of certain ions and charge states over others. Note that the spectra from the aluminum target exhibits strong C 1+ and C 2+ lines while the data from the copper target does not. It has been previously shown that ultra-intense laser beams incident on flat foils preferentially accelerate protons and hydrocarbons. 16 To increase the heavy-ion energy for medical and ion fast-ignition applications, techniques have been developed to mitigate energy coupling to contaminant ions (e.g. protons) using cleaning techniques and specific target materials. 16 In experiments described here, no effort was made to remove these hydrocarbon contaminants; the difference illustrated here in the acceleration of carbon ions between aluminum and copper is likely due to the variation of contaminant levels between targets.
Despite this difference between targets, there are trends in the mean and maximum energy of these ions, as illustrated in Fig. 9 . The mean energies were determined by integrating (and normalizing) the spectra of Figs. 6 and 7 along with the proton spectra of Fig. 8 . The precision of these measurements is limited by three factors. First, the energy resolution of the TPIS, when run with a 400µm aperture, has a worst-case uncertainty of approximately 6% for 20 MeV proton equivalent energies; this can be as low as 1% for 300 keV protons.
Second, proper alignment of CR-39 during a microscope scan is limited to offsets as high as 200 µm in the magnet dispersion direction, resulting in uncertainties as high as 3.8%. The third contribution is the uncertainty arising from counting statistics, which in these data was no higher than a few percent. These three uncorrelated quantities were used to compute the error bars (within 95% confidence limits) shown in Fig. 9 . These upper-bound estimates neglect the effect of the electric field on resolution; they are thus conservative estimates.
The estimates of maximum energies shown in Fig. 9 include a systematic observational bias of about 20% (not shown in the error bars) arising from the inability to visually discern an exact cutoff; this is evident in the spectra shown in Figs. 6 and 7. For the proton energy spectra (Fig. 8) the cutoff is also difficult to determine. It was taken to be the knee of the spectra between 15 and 20 MeV. There are fewer than 200 protons above this defined cutoff, which is significantly lower than the number of protons under either of the two slopes in the spectra.
It has been suggested that protons, being lighter, are preferentially accelerated over heavier ions and thus will deplete the space-charge initially setup by hot escaping electrons.
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This would lead to a scaling of the bulk ion energy with the charge-to-mass ratio rather than the charge, since lighter ions with higher charge states would be accelerated first, lowering the space-charge field for subsequent ions. These data, which include several species of aluminum, copper, carbon, oxygen and nitrogen ions (Fig. 9) , show excellent scaling between mean energy and charge rather than with charge-to-mass ratio. A chi-square analysis shows that the mean energy for all ions is best described by the linear fit
with χ 2 = 0.98. The scaling suggests that the sheath potential does not deplete over the acceleration phase of these ions. The maximum energies show similar scaling for the heavy ions. For these ions, a chi-square analysis shows that maximum energy scales as 
IV. DISCUSSION
The observed discrepancy in maximum energies between protons and heavy-ions may be explained by the presence of a two-temperature electron distribution. Simulations 18, 35 and Cu K-α line measurements 19 have shown the presence of a two-temperature electron distribution for comparable targets and laser intensities, and the two slopes in the proton spectra of Fig. 8 suggest that a two-temperature distribution is prevalent in these experiments.
In the two-temperature theoretical framework, 18,35 the two distributions are characterized by a hot (T h ) and a cold (T c ) temperature, with respective number densities (n h and n c ) and pressures (p h and p c ). As the laser propogates through the underdense pre-plasma, a small fraction of electrons are directly heated by the laser. For a short-pulse interaction these electrons do not have time to reach thermal equilibrium with the bulk electrons. Thus, a two-temperature electron distribution with n h ≪ n c and ∇p h /n h ≫ ∇p c /n c is probable.
The hot component will generate stronger sheath fields than the cold component (because the sheath fields ∝ ∇p/n). However, since n h ≪ n c , the charge separation is weaker for the hot component than for the cold component. Given these limits, the hot component will accelerate a small fraction of the protons to higher maximum energies; these protons will then quickly shield the sheath fields associated with the hot component since the charge separation is weak by assumption. Heavier ions and the bulk of the slower protons will experience fields generated by the colder component and therefore have lower maximum energies. Furthermore, if the cold component has enough charge separation, the heavy-ion mean and maximum energies will scale as a function of Z, and not Z/A.
In these models the maximum energy a proton will reach in connection with the cold electron (T c ) component is:
where E L is the laser electric field, m e the electron mass and ω 0 the laser frequency. For these experiments, we estimate E M ax.,C ≈ 8 MeV, which nearly coincides with the knee in the measured proton spectra at ∼ 7 MeV, as shown in Fig. 8 . In these experiments, protons with energies greater than 7 MeV are accelerated due to a hot-electron component.
Simulations 35 have shown that for n c /n h ≈ 200 and inital temperature ratios of T h /T c ≈ 900, the hot-electron temperature falls on a time-scale much faster than the cold component 35 .
In addition, 3D PIC simulations 18 These data have important implications for heavy-ion fast-ignition and for cancer therapy because they suggest that acceleration of a specific ion species (and charge state) is not easily controlled. Even if the acceleration of contaminants or undesired elements are suppressed by novel methods, coupling of energy into a pure beam of a pre-specified Z/A is not trivial. As previously mentioned, no effort was made in these experiments to suppress the acceleration of protons or hydrocarbons. It has been demonstrated in the past that resistive heating of targets reduces the number of unwanted accelerated hydrocarbons and that by coating the rear of the target one may preferentially accelerate ions of a particular element (but not charge state). 15 However, even for the case of heated targets, observations showed preferential acceleration and energy coupling to ion species with the highest chargeto-mass ratio. Furthermore, those experiments were used to infer two electric fields: the first was a strong, short-lived field associated with the acceleration of ions with the highest charge-to-mass ratio, and the second was a weaker field with a longer timescale that drove all other ions. 15 We make the connection between these observations and those presented here with the presence of a two-temperature electron distribution that follows the density and temperature ordering as described.
The results have an adverse impact in the context of the aforementioned applications. For cancer therapy, an ion with a given energy will have less penetrating power (and damage more surface tissue) when its charge state is higher. For ion fast-ignition applications, a higher charge state suggests more blooming of the generated ion beam, less localized power deposition, and higher ignition requirements. It is therefore desirable to increase the energy and number of ions without increasing the charge number.
V. CONCLUDING REMARKS
A Thomson Parabola Ion Spectrometer (TPIS), previously implemented at the MTW laser facility, has been used to study the underlying mechanisms of heavy-ion acceleration.
In initial experiments utilizing flat-foil targets at on-target intensities of 4-5 × 10 19 W-cm −2 , energetic protons (15-18 MeV max.) as well as several energetic heavy-ions, including species of carbon, aluminum, copper, nitrogen and oxygen were observed. Empirical scalings of the mean and maximum energies of heavy-ions were determined.
In contrast to previous work, it has been shown here that the mean energies of heavy-ions scale linearly with only the charge of the ion, and not the charge-to-mass ratio, implying that the space-charge is not readily depleted as ions expand. The discrepancy in maximum energies between protons and heavy-ions, and the scaling of the heavy-ion energies, is explained by a two-temperature electron distribution where the hot component has weak charge separation.
Future experiments will study the dependence of the heavy-ion scalings on intensity and further probe the regime of two-temperature electron distributions. The detection scheme will also be improved by (1) minimizing loss of proton spectra associated with stopping of protons in CR-39 when IPs and CR-39 are used simultaneously and (2) 
